The thermal performance of passive vapor chamber heat spreaders can be improved by enhancing evaporation from the internal wick structure. A wick structure that integrates conventional copper screen mesh and carbon nanotubes (CNTs) is developed and characterized for increased heat transport capability and reduced thermal resistance. The high-permeability mesh provides for a low-resistance liquid flow path while the carbon nanotubes, with their high thermal conductivity and large surface area, help reduce conduction and phase-change resistances. The wicks are fabricated by sintering a copper mesh on a multilayer substrate consisting of copper and molybdenum. CNTs are grown on to this mesh and a submicron layer of copper is evaporated on to the CNTs to improve wettability with water and wicking. Samples grown under varying degrees of positive bias voltage and varying thicknesses of post-CNT-growth copper evaporation are fabricated to investigate the effect of surface morphology variations. The resultant boiling curves indicate that micro/nano-integrated wicks fabricated with higher positive bias voltages during CNT synthesis coupled with thicker copper coatings produce lower wick thermal resistances. Notably, heat fluxes at the heater surface of greater than 500 W/cm 2 were supported without a critical heat flux condition being reached.
Introduction
Passive thermal management of high heat fluxes is typically accomplished with heat pipes or vapor chambers that employ capillary action of the working fluid through internal wick structures [1, 2] . The next generation of high-power electronic devices with increased heat dissipation over smaller areas require the development of compact vapor chambers with enhanced thermal performance [3, 4] . To prevent potential dryout caused by the restriction of bulk liquid supply, mesh wicks of high permeability that provide sufficient capillary action at high heat fluxes are needed. Previous studies have investigated the influence of micro wick mesh characteristics on the improvement of their heat and mass transport properties [5] [6] [7] [8] , with particular attention to wicking ability, which strongly influences overall thermal performance.
In addition to investigating microscale wick structure and its relationship to thermal performance, researchers have attempted to take advantage of the enhanced properties of nanomaterials. Materials such as CNTs are known to have advantageous transport characteristics, and are being explored for integration into devices. Vadakkan et al. [9] explored the feasibility of using CNTs as wicks to take advantage of their high thermal conductivity. They also identified the challenges in implementing CNT wicks into practical devices. One such challenge is identification and control of process parameters that lead to optimal thermal and wetting properties of CNT wicks for enhancement of device performance.
CNTs can possibly improve the thermal performance of vapor chambers in a number of ways. If rendered hydrophilic by using specialized coatings or treatments for example, the nanopores of a CNT array can behave as a wick with increased liquid thin film area compared to conventional microwick materials. Therefore, replacing the conventional wick material in the region directly above the heat input area with a CNT array, as shown in Fig. 1 , could potentially reduce the overall thermal resistance across a vapor chamber. The high conductivity and porous morphology of CNT arrays have prompted investigation of their use to augment pool boiling thermal performance. Ahn et al. [10] grew CNT arrays on silicon surfaces and showed a 25% increase in the critical heat flux (CHF) during pool boiling compared to bare surfaces using the refrigerant PF-5060. Ujereh et al. [11] experimented with both uniform and patterned CNT arrays as surface modifiers on silicon and copper substrates in FC-72. While the magnitude of the enhancement varied, the addition of CNTs to both surfaces yielded increased CHF, increased heat transfer coefficients during nucleate boiling, and reduced superheat required for incipience. While these studies used highly wetting, dielectric fluids, water is the most commonly used liquid in vapor chambers and offers the best thermal performance for typical electronics cooling applications.
The mechanism of heat transfer for pool boiling is, however, fundamentally different from what occurs in a vapor chamber. During pool boiling, a submerged surface is initially cooled by natural convection before the surface reaches the superheat necessary to initiate nucleation and transfer heat by submerged boiling. In a vapor chamber with a porous sintered wick structure, the fluid is instead drawn over the surface via capillary forces, and heat transfer can occur via both evaporation at the liquid-vapor free interface and boiling from within the liquid film. Several previous studies have developed facilities to measure the performance of candidate wick enhancement materials under fluid feeding conditions which simulate these vapor chamber two-phase mechanisms using water [12] [13] [14] . Few studies have investigated the use of CNTs for thermal enhancement of wick structures with a simultaneous consideration of the appropriate fluid feeding mechanisms representative of vapor chambers. Weibel et al. [15] performed a numerical investigation to quantify the potential of CNTs to enhance evaporation by interspersing conventional wick materials (such as sintered powders) into nanostructured wicks in order to provide the required permeability for bulk liquid flow. Their performance was characterized as a function of the interspersed feeding wick geometry and CNT array bulk conductivity. Cai and Chen [16] conducted an experimental investigation into capillary-fed boiling of water from a CNT array that was made hydrophilic through a hydrochloric acid treatment process. Utilizing a CNT biwick structure composed of alternating 100 lm wide CNT array stripes and 50 lm wide exposed substrate grooves to allow for bulk liquid transport to a small heated area, sustained heat fluxes of up to 400 W/cm 2 were demonstrated at a superheat of 35 C. Most recently, several studies have shown that similar biporous wick structures can dissipate even higher heat fluxes, greater than 700 W/cm 2 , albeit for hot spot heat inputs having areas of less than 2.5 mm Â 2.5 mm [17, 18] .
The present work reports on the successful development and characterization of a micro/nano-integrated wick structure for vapor chambers wherein a traditional copper micromesh is augmented by CNTs. In particular, CNT growth conditions and postgrowth copper evaporation thicknesses are varied to create five samples for thermal testing. The effect on thermal performance of differences in CNT morphology resulting from varying growth conditions is investigated and experimental results are presented in terms of boiling curves and wick thermal resistance.
CNT Growth and Sample Preparation
An evaporator with a CNT array grown directly on the substrate in a central circular region and surrounded by a sintered copper mesh feeder wick is fabricated. This design is intended to exploit the advantages of CNTs (larger liquid thin film area for evaporation and superior thermal conductivity relative to copper) over the heat input area while facilitating liquid feeding into the low-permeability CNT array by means of a high-permeability sintered copper mesh. Samples are fabricated on 25.4 mm Â 25.4 mm Â 1 mm substrates composed of laminated 13% copper, 74% molybdenum, 13% copper sheets (Cu-Mo-Cu), by percentage lamina thickness. This low coefficient of thermal expansion ($6 Â 10 À6 K
À1
) material is chosen for direct mounting of vapor chambers on electronic devices because it matches the thermal expansion coefficient of silicon more closely than pure copper does. The substrates are first cleaned with isopropyl alcohol. A copper screen mesh having a wire diameter of 104 lm and wire spacing of 149lm is cut into 20 mm Â 20 mm squares, and 10 mm diameter holes are punched into the center of each square mesh. The mesh is then sintered on to the Cu-Mo-Cu substrate ( Fig. 2(a) ). The sintering procedure consists of placing the substrate and mesh in a furnace in an argon gas environment at a peak temperature of 1000 C for 1 h. The substrate and mesh are held together in an alumina mold to prevent relative movement of the mesh during sintering. A trilayer catalyst of 60 nm of Ti, 10 nm of Al, and 3 nm of Fe is deposited via e-beam deposition to support the subsequent growth of CNTs in the center region ( Fig. 2(b) ).
A SEKI AX5200s microwave plasma chemical vapor deposition (MPCVD) system is used for the synthesis of CNTs. The system allows independent control of substrate temperature, substrate position, gas flow rates, chamber pressure, bias voltage, and microwave power. The ability to control these independent parameters before and during the growth process leads to the controlled synthesis of CNTs. Desired growth products are achieved by correlating a particular set of growth conditions with the resulting CNT characteristics such as length, diameter, chirality, alignment, and density that may influence thermal performance. The MPCVD process is particularly suitable for controlling the local gas chemistry. A detailed procedure of CNT growth using this particular system can be found in Ref. [19] . In brief, each sample is placed in the MPCVD system for growth, after which the system is pumped down to a vacuum of 2 Torr. The temperature is ramped up to 800 C under 10 Torr of N 2 for annealing, and growth is initiated under 50 sccm of H 2 and 10 sccm of CH 4 with a 200 W plasma. The MPCVD substrate bias voltage can be actively adjusted to alter the resulting CNT growth characteristics. A higher positive substrate bias voltage in the MPCVD has the effect of repelling positive ions away from the substrate and reducing damage to the CNTs. This is identified as the key growth parameter to be varied because this parameter has a strong effect on the number density of the resultant CNT growth [20, 21] . After growth, the system is allowed to cool, and the sample is removed (Fig. 2(c) ).
Samples are imaged via scanning electron microscopy (SEM, Fig. 3 ) to verify CNT growth. Multiwalled CNTs are observed to cover both the mesh and the center region. Initial qualitative wicking tests performed via a sessile drop method show that the samples are hydrophobic. The samples are then coated with a thin layer of evaporated copper via physical vapor deposition. Two nominal thicknesses for the copper layer are investigated, 500 nm and 750 nm. The nominal thickness is defined as the reading from the monitor that measures the layer thickness on a flat plate during the deposition process and is not the actual thickness of the copper coated on to the CNTs. The actual thickness of the copper coating is estimated from images obtained via transmission electron microscopy to be several tens of nanometers. The copper coating is observed to render the CNT surfaces hydrophilic, as verified through sessile drop tests. The positive bias voltages and nominal thicknesses of the copper coating used in the current work are summarized in Table 1 . Estimating the actual density of CNT array with high confidence is difficult. Therefore, an estimation approach is adopted in which a characteristic CNT array is assigned based on SEM images. The average CNT diameter and pitch are estimated over selected sampling areas using highmagnification SEM images. The approximate density is calculated using these pitch and diameter estimates.
Experimental Facility and Data Reduction
This section describes the experimental apparatus used to measure the thermal performance of the different integrated micro/ nanowick samples that were fabricated for this study. The facility was developed to measure the thermal resistance of conventional sintered powder wick materials and is described in detail in Ref. [22] ; only a summary is provided here. The facility allows for the measure of the thermal resistance across a substrate-backed wick sample over a range of heat fluxes under conditions of capillary feeding of a liquid (de-ionized water in this case), simulating the conditions in an operating vapor chamber.
A high heat flux is supplied to the back of the test sample substrates via a copper heater block to which the substrate is soldered. The heat input to the copper block is provided by means of cartridge heaters embedded in a wider base portion of the block. The Pb-Sn solder (k s ¼ 50 W/mK) joint has a thickness of 0.102 mm and provides good, repeatable, and predictable thermal contact with low uncertainty between the substrate and heater block. The soldering is undertaken in an inert argon atmosphere to limit oxidation of the copper sample. As shown in Fig. 4(a) , the copper heater block is well insulated so as to maintain a high heat flux into the sample; four thermocouples placed along the centerline of the narrow neck of the block (of 5 mm Â 5 mm cross section) serve to determine the heat flux supplied to the substrate. Readings from these thermocouples are also extrapolated to provide the temperature at the base of the sample substrate. A conduction model is used to determine the insulation thickness that limits heat losses sufficiently such that a linear temperature profile is achieved in the heater block neck. This is confirmed by the four thermocouple readings in situ. Therefore, these methods for calculating the heat flux and extrapolating the thermocouples to provide the substrate base temperature are sound.
As shown in Fig. 5 , the heater block compresses the outer edge of the sample vertically against the test chamber wall and creates a seal using a rectangular o-ring. An additional 1 mm thick layer of sintered screen meshes (having the same dimensions as the screen mesh sintered to the substrate) are fixed into the chamber wall and press against the test sample using a stainless steel insert. A liquid feeding port is cut into the insert as shown to provide an unobstructed flow path to the mated screen meshes. These additional meshes are required because the monolayer of screen sintered directly to the sample surface did not provide sufficient liquid flow to the central CNT region in preliminary testing.
The test chamber mimics the saturated conditions in the vapor core of a vapor chamber into which fluid evaporating from the wick is transported. As explained in Ref. [22] , a separate fluid flow loop with a pump and inline heater (not shown in Fig. 4 ) continually supplies water to the chamber through the inlet and drains it from a raised exit port to maintain the fluid level in the chamber at a specified height to coincide with the lower edge of the test sample. The sample surface is thus continually fed with fluid that is drawn up by capillary action from the liquid pool in the test chamber to the heat input area positioned approximately 8.25 mm above the chamber fluid level. The inline heater in the flow loop is used to maintain the temperature of the fluid in the chamber at the saturation temperature of 100 C; the test chamber is maintained at atmospheric pressure. At the start of each series of tests on a sample, the liquid in the chamber is vigorously boiled to purge dissolved noncondensable gases; the Graham condenser shown in Fig. 4(a) condenses the fluid and returns it back to the pool. A thermocouple fixed to a linear translational stage is placed 1 mm from the sample surface to measure a vapor reference temperature for calculation of the temperature drop across the wick (needed to calculate the wick thermal resistance). For the actual tests, the heat flux input to the sample is increased in 50 W/cm 2 increments, and all system temperatures are allowed to reach a steady state at each heat flux level (change of <0.1 C/min over 10 min) before data are recorded for each test point. The testing is continued until the sample experiences critical heat flux or the maximum system temperature limit (based on the sample to heater block solder junction melting temperature) is reached.
To produce a time-independent a boiling curve and to calculate thermal resistance, the recorded data at each heat flux level are time-averaged over the last 5 min of steady-state acquisition. Figure  4(b) indicates the locations of the measured and extrapolated temperatures. The uncertainty in the heat flux calculated from the measured temperature gradient in the heater block is determined as described by Coleman and Steele [23] . The temperature at the base of the sample substrate is then calculated by extrapolation according to
This expression conservatively assumes there is negligible thermal contact resistance at the solder joint. Lateral conduction in the Cu-Mo-Cu substrate prevents further one-dimensional extrapolation of the temperature to the substrate-wick interface. Hence, the reported sample resistance includes the resistance due to conduction in the Cu-Mo-Cu layer, and is defined as
This thermal resistance represents the substrate conduction and evaporation/boiling thermal resistance at the location of heat input, and therefore it does not account for the vapor phase pressure drop and condenser side thermal resistances that would be present in an operating vapor chamber. The uncertainties in the substrate temperature and resistance are found through a root sum-of-the-squares calculation method [23] as follows: The primary contributors to uncertainty in the calculated heat flux, substrate temperature, and thermal resistance are the thermocouple temperature uncertainty (U T ¼ 60.3 K) and thermocouple position uncertainty (U x ¼ 60.20 mm). The maximum relative uncertainties for the heat flux, superheat temperature, and sample resistance occur at the maximum measured heat flux (552 W/cm 2 ) and are estimated to be 629.5 W/cm 2 , 67.1 C, and 60.054 C/W, respectively.
Experimental Results and Discussion
The thermal performance of the five samples tested for this work are shown in terms of boiling curves in Fig. 6(a) and thermal resistances in Fig. 6(b) . The boiling curves reveal the heat flux that can be supported at different substrate superheats; a lower superheat or equivalently a lower thermal resistance at a given heat flux implies superior performance and a higher heat transfer coefficient for the sample. Samples 1-4 show a continually decreasing trend of thermal resistance with increasing heat flux, while sample 5 remains at a relatively constant low value of resistance. Based on the visualizations of capillary-fed boiling from sintered powder structures in Refs. [22, 24] , it was observed that incipience of boiling over an increasing amount of surface area explained this decrease in thermal resistance with increasing heat flux. Although similar visualizations were not available for this work, it is reasonable to expect that a similar transition to the boiling regime over the surface may be the cause for this decrease. In all the experiments, the maximum heat flux represents the temperature limit allowed for the heater block (the solder joint melting temperature, 178 C) and is not indicative of CHF or dryout in the sample tested. Due to comparatively larger temperature variations at the joint location during higher solder processing temperatures, further attempts to utilize higher melting temperature solders produced unreliable joints with sizable voids. The maximum heat flux sustained under these constraints is 552 W/cm 2 . While it is not possible to directly compare the current results against the conventional sintered powders tested in Ref. [22] due to the differing substrate compositions and the importance of thermal spreading in the substrate, it can be concluded that such nanowicks yield similar performance when appropriately fed by microscale wick structures.
The results clearly indicate that the best thermal performance is exhibited by sample 5, followed by samples 3 and 4, with samples 1 and 2 showing the poorest relative performance. These thermal results can be related to the process conditions in that samples grown with a denser array (via alteration of the bias voltage) and with a thicker nominal coating of copper show better performance. Sample 5, synthesized under 200 V positive bias and with 750 nm of nominal copper coating, exhibits the lowest substrate superheat and the lowest thermal resistance. Samples 1 and 2, on the other hand, are coated with 500 nm of copper (nominal) and synthesized under no bias and 100 V positive bias, respectively, and show the highest values of superheat and thermal resistance.
The reason underlying the improvement of thermal performance appears to be the increase in the number density of CNTs with an increase in positive bias, as estimated from images obtained via scanning electron microscopy. This is consistent with prior observations that an increase in negative bias produces sparser growth of CNTs [20, 21, 25] . Negative-biasing acts to decrease the CNT number density by pulling the plasma closer to the substrate and increasing the number of ions that bombard the substrate surface during growth of CNTs. Positive bias has the opposite effect, thus producing denser growth. This trend of performance improvement with increase in CNT number density is highlighted in Fig. 7 , which plots the minimum thermal resistance achieved for each sample over the range of heat fluxes tested. The minimum thermal resistance decreases as the sample CNT number density increases; this decrease may be attributable to an increase in available capillary pressure as the pore size decreases with increasing density. It is likely that an optimum number density exists, as the thermal performance would eventually be expected to drop again with further increases in density due to the decrease in permeability and the resultant resistance to liquid flow through the CNT array. However, the range of number densities considered in this work do not allow for this optimum to be identified. The results also suggest that a thicker coating of copper on the CNTs offers improved performance for the current application. This increase in performance may be attributed to the greater hydrophilicity being imparted to the otherwise hydrophobic CNTs by the copper coating. While it is difficult to confirm without in situ visualization, post-testing inspection of the CNT wick surface indicates that only a fraction of the 10 mm diameter central region may actually participate in active evaporative heat transfer. Figure 8 shows that the copper-coated CNTs inside a center portion of the wick roughly 7 mm in diameter appears to have been completely dried out during testing with only a ring formed around the outer edges of the CNT region continuing to be copper coated and hydrophilic. Experimental demonstration of heat dissipation exceeding 500 W/cm 2 using only this partial evaporator region suggests that the heat flux that can be supported by small, well-fed regions of CNTs may result in even greater heat fluxes being supported.
Conclusions
The development and characterization of a novel micro/nanointegrated wick using sintered copper screen mesh augmented with CNTs is presented. CNT wick samples with varying process parameters were fabricated in a MPCVD system and were rendered hydrophilic by depositing a copper coating over the nanotubes. The primary objective was to investigate the effects of CNT density and copper coating thickness on thermal performance. Thermal performance of the samples was characterized in terms of wick thermal resistance in a capillary-fed boiling test chamber simulating the operation in a vapor chamber. This novel micro/nano-integrated wick is experimentally shown to be effective at dissipating upwards of 500 W/cm 2 at low levels of superheat, making it a promising candidate for use in vapor chamber applications. The CNT array density was identified as the critical parameter affecting evaporator performance. The main findings of this work can be summarized as follows:
(1) Copper-coated CNT array nanowicks are shown to handle heat fluxes in excess of 500 W/cm 2 without the occurrence of critical heat flux and merit consideration as highperformance vapor chamber evaporators.
(2) Two process parameters-positive bias (affecting array density) and nominal thickness of the hydrophilic copper coating-are observed to have a large influence on the level of superheat and wick thermal resistance. Higher levels of positive bias (which generally results in increased array density) and thicker copper coatings yield improved performance. (3) The observed trend of increasing performance with increasing array density is not expected to persist indefinitely; the trade-off between flow resistance and capillary supply pressure with varying CNT array density can be optimized for maximum heat transport. 
